Cytokines and steroid hormones use different sets of signal transduction pathways, which seem to be unrelated. Interleukin-6 (IL-6) uses JAK tyrosine kinase and STAT (signal transducer and activator of transcription) transcription factor. Glucocorticoid binds glucocorticoid receptor (GR), which is a member of the steroid receptor superfamily. We have studied the crosstalk between the IL-6-JAK-STAT and glucocorticoid-nuclear receptor pathways. IL-6 and glucocorticoid synergistically activated the IL-6 response element on the rat 2 -macroglobulin promoter (APRE)-driven luciferase gene. The exogenous expression of GR enhanced the synergism. The exogenous expression of dominant negative STAT3 completely abolished the IL-6 plus glucocorticoid-induced activation of the APRE-luciferase gene. Tyrosine phosphorylation of STAT3 stimulated by IL-6 alone was not different from that by IL-6 plus glucocorticoid. The protein level of STAT3 was also not increased by glucocorticoid stimulation. The time course of STAT3 tyrosine phosphorylation by IL-6 plus glucocorticoid was not different from that by IL-6 alone. The synergism was studied on the two other IL-6 response elements, the junB promoter ( JRE-IL-6) and the interferon regulatory factor-1 (IRF-1) promoter (IRF-GAS) which could be activated by STAT3. The synergistic activation by glucocorticoid on the IL-6-activated JRE-IL-6 and the IRF-GAS-driven luciferase gene was not detected. Glucocorticoid did not change the mobility of IL-6-induced APRE-binding proteins in a gel shift assay. These results suggest that the synergism was through the GR and STAT3, and the coactivation pathway which was specific for APRE was the target of glucocorticoid.
Introduction
Interleukin-6 (IL-6) is a cytokine that plays an important role in host defense mechanisms such as the synthesis of acute phase proteins (Gauldie et al. 1989) . However, maximal expression of several acute phase protein genes (such as 2 -macroglobulin, 1 -acid glycoprotein and fibrinogen) requires stimulation by glucocorticoid in addition to that by IL-6 (Baumann et al. 1987 , Baumann 1989 . Glucocorticoid binds glucocorticoid receptor (GR), a member of the nuclear receptor superfamily and regulates the transcription of glucocorticoid responsive genes (Evans 1988 ). The GR is widely distributed in nearly all cell types and has an essential role in cell metabolism and growth.
In the case of the 1 -acid glycoprotein gene, an example of the synergistic action of IL-6 and glucocorticoid, IL-6 acts through the IL-6 response element and glucocorticoid through the glucocorticoid response element (GRE) (Baumann et al. 1990 , Nishio et al. 1993 . The combination of two response elements generates a synergistic interaction. However, in the 2 -macroglobulin gene, it is reported that only the acute phase response element (APRE) site is sufficient to confer a synergistic induction by IL-6 and glucocorticoid (Hocke et al. 1992) . The detailed mechanism of this synergistic activation remains unclear.
Cytokines and steroid hormones use different sets of signal transduction pathways, which seem to be unrelated. IL-6 uses JAK tyrosine kinases ( JAK1, JAK2, Tyk2) and STAT (signal transducer and activator of transcription) transcription factor (STAT3) signal transduction pathway, and activates the IL-6 response elements such as the APRE in the rat 2 -macroglobulin promoter (Wegenka et al. 1993 , Lutticken et al. 1994 , Zhong et al. 1994 , Nakajima et al. 1995 . Glucocorticoid binds GR and activates the transcription through GRE (Beato et al. 1995) .
In this study, we examined the crosstalk between the IL-6-JAK-STAT pathway and glucocorticoid-nuclear receptor pathway. We further analyzed the mechanism of this regulation.
Materials and Methods

Cells and cell culture
The human breast carcinoma cell line MCF7 was cultured in DMEM medium (Gibco BRL, Life Technologies, Inc., Grand Island, NY, USA) containing 10% fetal calf serum (CSL, Parkville, Victoria, Australia) (Takeda et al. 1997b) .
Plasmids
The 4 APRE-luciferase gene containing four repeats of APRE (IL-6 response element of the rat 2 -macroglobulin promoter), was constructed by subcloning two repeats of the oligonucleotides (5 -TCGACATCCTTCTGGG AATTCTGATCCTTCTGGGAATTCTGGGTAC -3 ) (Hocke et al. 1992) in front of the minimal junB promoterluciferase gene as described (Takeda et al. 1994) . The 4 mAPRE-luciferase gene containing four repeats of mutated APRE (mAPRE) was constructed by subcloning two repeats of the oligonucleotides (5 -TCGACATCCT TCTCTAGATTCTGATCCTTCTCTAGATTCTGG GTAC-3 ) in front of the minimal junB promoterluciferase gene (Takeda et al. 1994) . The 3 JRE-IL-6-luciferase gene containing three repeats of JRE-IL-6 (IL-6 response element of the junB promoter) was constructed by subcloning three repeats of the oligonucleotides (5 -GCGCTTCCTGACAGTGACGCGAGCCG-3 ) (Nakajima et al. 1993) in front of the minimal junB promoter-luciferase gene as described (Takeda et al. 1994) . The 3 IRF-GAS-luciferase gene containing three repeats of IRF-GAS (IL-6 response element of the interferon regulatory factor-1 (IRF-1) promoter) was constructed by subcloning three repeats of the oligonucleotides (5 -TGATTTCCCCGAAATGACGGCACGC-3 ) in front of the minimal junB promoter-luciferase gene. The human glucocorticoid receptor (hGR) expression vector was pRShGR (Hollenberg et al. 1987) . The dominant negative STAT3 expression vector was pCAGGS-HA-STAT3D .
DNA transfection and luciferase assays
DNA transfection and luciferase assays were performed as described (Nakajima et al. 1993 , Takeda et al. 1994 . In each experiment, cells were seeded at 3 10 5 per 6 cm dish and 24 h later 2·9 µg luciferase reporter plasmid, 1·0 µg pEFLacZ (Nakajima et al. 1993 ) (internal control for transfection efficiency), and 2·1 µg expression vector were transfected as required. The total amount of the transfected DNA was adjusted to 6·1 µg with pTZ19R (Pharmacia, Milwaukee, WI, USA). Cells were extracted, and luciferase activities were assayed in a MicroLumat luminometer (EG & G Berthold, Postfach, Germany) as described (Takeda et al. 1994 ). -Galactosidase activity was determined to normalize the transfection efficiency. All experiments were performed in triplicate and repeated at least three times with essentially similar results. Results are expressed as relative luciferase activity. Data are shown as averages of three independent experiments, with standard deviations indicated by bars.
Cytokines and antibodies
Cytokines used in this study were human recombinant IL-6 (a gift from Dr T Hirano, Osaka University Medical School, Osaka, Japan). The antibodies used for Western blotting and immunoprecipitation were antiphosphotyrosine monoclonal antibody (4G10, Upstate Biotechnology Inc., Lake Placid, NY, USA) and anti-STAT3 polyclonal antibody (C-20, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA).
Immunoprecipitation, SDS-PAGE and Western blotting
Cells (2 10 7 ) were harvested and lysed for 60 min in 1 ml lysis buffer (50 mM Tris (pH 7·5), 150 mM NaCl, 1 mM EDTA, 0·5% NP-40, 1 mM sodium orthovanadate, 1 mM NaF, 0·75 mM phenylmethylsulfonyl fluoride, 15% glycerol, and 10 µg/ml each of aprotinin, pepstatin and leupeptin) as described (Lutticken et al. 1994) . Proteins in the lysates from 2 10 7 cells were immunoprecipitated with the anti-STAT3 polyclonal antibody. Immune complexes were separated by SDS-PAGE (7·5%) and transferred to an Immobilon-P nylon membrane (Nihon Millipore Ltd, Tokyo, Japan) which was immunoblotted with the relevant primary antibody as described (Takeda et al. 1994) . Proteins were detected by enhanced chemiluminescence (ECL, Amersham International plc, Amersham, Bucks, UK). Rehybridization was performed as described (Ruff Jamison et al. 1993) .
Electrophoretic mobility shift assays (EMSAs)
Nuclear and cytoplasmic extracts were prepared from MCF7 cells according to the method of Sadowski et al. (1993) . Double-stranded oligonucleotides used as probes in the EMSAs were as follows: 5 -GCGCCTTCTGGGA ATTCCTA-3 , 5 -GCGCTAGGAATTCCCAGAAG-3 (Takeda et al. 1994) . Binding reactions and electrophoresis proceeded as described (Nakajima et al. 1993) . In the supershift assays, anti-STAT3 polyclonal antibody (C-20, Santa Cruz Biotechnology, Inc.) or anti-GR polyclonal antibody (Affinity Bioreagents, Inc., Golden, CO, USA) was added to the binding reaction mixture.
Results
IL-6 and glucocorticoid synergistically activate the APRE-luciferase gene
We tested the IL-6-induced activation of the APREluciferase gene with or without dexamethasone (Dex). The 4 APRE-luciferase plasmid was transiently transfected into MCF7 cells, and luciferase activity was assayed after 6 h of IL-6 stimulation ( Fig. 1A) . Transfection efficiency was normalized by -galactosidase activity as described in Materials and Methods. The basal APRE activity was not significantly activated by Dex stimulation (1·1-fold). The IL-6-induced APRE activity was synergistically enhanced by Dex stimulation (from 26·8-fold by IL-6 alone to 64·4-fold by IL-6 plus Dex). The 4 mAPRE-luciferase plasmid was also transiently transfected, and luciferase activity was assayed after 6 h of IL-6 stimulation with or without Dex. As IL-6 or Dex stimulation and IL-6 plus Dex stimulation did not activate the mAPRE-luciferase gene at all (data not shown), the synergism is dependent on the APRE site.
We examined the dose dependence of the synergistic action by Dex (Fig. 1B) . Dex synergistically enhanced the IL-6-activated APRE gene transcription in a dosedependent manner. A significant synergistic action of Dex on the IL-6-activated APRE was detected from 10 7 M Dex stimulation. Next we examined whether or not the exogenous expression of GR enhanced the synergistic action (Fig. 1C) . The synergistic enhancement by Dex on the IL-6-activated APRE-luciferase gene expression was 2·0-fold without exogenous GR, whereas it increased to 5·4-fold with exogenous GR expression. These results suggested that the synergistic effect of glucocorticoid is through the GR.
The synergistic action of glucocorticoid requires the STAT3
It has been reported that a mutant of STAT3 (STAT3D, in which two critical residues in the DNA-binding domain, E434 and E435, have been changed to aspartates) efficiently and specifically inhibits IL-6-induced APREluciferase gene activation and acts as a dominant negative STAT3 (DN-STAT3) . We examined the effect of the exogenous expression of STAT3D on the synergistic action of Dex (Fig. 2) . STAT3D efficiently inhibited the APRE activation by both IL-6 alone and IL-6 plus Dex. These facts suggested that the effect of glucocorticoid is through the activated STAT3.
The synergistic action of glucocorticoid is very rapid and long
It is well known that the IL-6-JAK-STAT signal transduction pathway is very rapid and does not require protein synthesis (Nakajima et al. 1993 . We examined the time course of the synergistic action of Dex on the IL-6-activated APRE activation (Fig. 3) . The synergistic action of Dex was detected from 3 h of Dex stimulation. Though the IL-6-induced APRE activation Figure 1 The synergistic effect by IL-6 and Dex on the APRE-luciferase gene activation. (A) MCF7 cells were transfected with the 4 APRE-luciferase gene. The transfected cells were incubated with vehicle ( ) or IL-6 (100 ng/ml) alone or in combination with Dex (10 6 M) for 6 h, and luciferase activity was determined. (B) Dose-dependent effect of Dex on the IL-6-induced APRE activation. MCF7 cells were transfected with 4 APRE-luciferase gene, then stimulated with IL-6 (100 ng/ml) and Dex (at the concentrations indicated) for 6 h, and luciferase activities were determined. (C) Exogenous expression of GR enhanced the synergistic action of Dex on the IL-6-activated APRE-luciferase gene. MCF7 cells were transfected with 4 APRE-luciferase gene and the GR expression vector (pRShGR ). The transfected cells were stimulated with vehicle ( ) or IL-6 (100 ng/ml) alone or in combination with Dex (10 6 M) for 6 h, and luciferase activity was determined. Data are expressed in relative luciferase activity. Mean value in the vehicle treated group was arbitrarily determined as 1 in (A). That in the IL-6 treated group without Dex stimulation was arbitrarily shown as 1 in (B) and that without exogenous GR expression as 1 in (C). Data are averages of three independent experiments, with standard deviations indicated by bars.
reached maximal levels within 6 h stimulation, the synergistic effect of Dex continued increasing at 24 h. These results indicated that the effect of Dex on the IL-6-JAK-STAT pathway was very rapid and lasted for a long time.
Glucocorticoid stimulation does not change the tyrosine phosphorylation and the protein level of STAT3
We analyzed which part of the IL-6-JAK-STAT pathway was activated by Dex stimulation. The IL-6-induced tyrosine phosphorylation of STAT3 is very rapid and transient (Nakajima et al. 1995) , and the level of phosphorylation reached its maximum at 15 min in MCF7 cells (see later Fig. 5A ). We examined whether IL-6 plus Dex stimulation (15 min) enhanced the tyrosine phosphorylation of STAT3, compared with that by IL-6 alone (15 min) (Fig. 4 lanes 1 and 2) . IL-6 with or without Dex induced phosphorylation of STAT3 to a similar extent (Fig. 4, upper panel, lanes 1 and 2) . Dex also did not alter the protein level of STAT3 (Fig. 4 , lower panel, lanes 1 and 2). Next we examined whether the pretreatment of Dex (6 h) enhanced the tyrosine phosphorylation or increased the protein level of STAT3 (Fig. 4, lane 3) . The phosphorylation and the protein level of STAT3 were not changed by Dex pretreatment. These results indicated that Dex did not enhance the IL-6-induced STAT3 phosphorylation.
It is possible that the Dex treatment may change the time course of STAT3 phosphorylation, Dex may sustain the IL-6-induced STAT3 phosphorylation and enhance the IL-6-induced APRE activation. Therefore we examined whether the Dex treatment sustains the IL-6-induced tyrosine phosphorylation of STAT3 (Fig. 5A and B) . Tyrosine phosphorylation of STAT3 with IL-6 plus Dex treatment was very rapid and transient; the level of phosphorylation reached maximum at 15 min stimulation, and it returned to basal levels at 60 min and did not change thereafter until 120 min. We could not detect the IL-6-induced tyrosine phosphorylation of STAT3 with or without Dex even after 24 h (data not shown). The time course was not different from that by IL-6 alone. These results indicated that the Dex treatment did not change the time course of IL-6-induced STAT3 phosphorylation.
Glucocorticoid does not enhance the IL-6-induced activation of the JRE-IL-6 and IRF-GAS-luciferase genes
The above data suggest that Dex enhances the IL-6-induced APRE activation by stimulating a pathway other than the tyrosine phosphorylation of STAT3. There are several IL-6 response elements which could be activated by tyrosine phosphorylated STAT3 . The regulation mechanism of these response elements other than the tyrosine phosphorylation of STAT3 remains unclear (Nakajima et al. 1995 , Zhang et al. 1995 . Two other IL-6 response elements, JRE-IL-6 and IRF-GAS, are activated in a manner different from that of APRE . Therefore, we examined the effect of Dex treatment on the IL-6-induced activation of JRE-IL-6-luciferase and IRF-GAS-luciferase genes (Fig. 6) . The 3 JRE-IL-6-luciferase and 3 IRF-GAS-luciferase plasmids were transiently transfected into MCF7 cells, and luciferase activity was assayed after 6 h of IL-6 alone or IL-6 and Dex stimulation. IL-6 efficiently activated both response elements, but Dex treatment did not enhance the IL-6-induced activation of JRE-IL-6 and IRF-GASluciferase genes as effectively as that in the APREluciferase gene. These results indicated that the synergistic effect of Dex on the IL-6-JAK-STAT pathway is specific to APRE activation. The coactivation pathway which is not required for tyrosine phosphorylation of STAT3 and is specific for APRE may be the target of the glucocorticoid signaling pathway.
Glucocorticoid does not change the mobility of IL-6-induced APRE-binding proteins
It is possible that Dex treatment may synthesize a new STAT3 interactive protein and enhance the IL-6-induced APRE activation. Therefore we examined whether Dex treatment changes the mobility of IL-6-induced APREbinding proteins using EMSAs (Fig. 7) . IL-6-induced APRE-binding activity was detected at 15 min stimulation but it was not detected at 6 h with or without Dex treatment (Fig. 7, lanes 2-5) . Dex treatment did not change the mobility of IL-6-induced APRE-binding proteins but increased the binding activity by approximately 1·8-fold (Fig. 7, lanes 2 and 3) . The IL-6 and Dex-induced APRE-binding complex was supershifted by anti-STAT3 antibody, whereas anti-GR antibody had no effect (Fig. 7,  lanes 6 and 7) . These results suggest that Dex does not synthesize the STAT3-binding protein and GR is not involved in the IL-6 and Dex-induced APRE-binding proteins.
Discussion
Here we have shown that: (1) Dex synergistically activated the IL-6-induced APRE-luciferase gene activation, (2) the exogenous expression of DN-STAT3 completely abolished the IL-6 plus Dex-induced APRE activation, (3) the level and time course of IL-6-induced STAT3 tyrosine phosphorylation were not changed by Dex treatment, (4) the synergism was not detected in other IL-6 response elements ( JRE-IL-6, IRF-GAS) which were also activated by tyrosine phosphorylated STAT3, and (5) Dex treatment did not change the mobility of the IL-6-induced APRE-binding proteins in EMSAs.
For the functional characterization of the acute phase protein genes, the human hepatoma cell line HepG2 is most frequently used (Baumann et al. 1987 (Baumann et al. , 1990 . At first we analyzed the synergism by using HepG2 cells, but the synergistic effect was only 1·3-fold (data not shown). It has Figure 6 Effect of Dex on the IL-6-induced activation of the JRE-IL-6-luciferase gene or of the IRF-GAS-luciferase gene. MCF7 cells were transfected with the 3 JRE-IL-6-luciferase or the 3 IRF-GAS-luciferase gene. The transfected cells were incubated with vehicle ( ) or IL-6 (100 ng/ml) alone or in combination with Dex (10 6 M) for 6 h, and luciferase activity was determined. Relative luciferase activity of unstimulated cells is shown as 1. Data are averages of three independent experiments, with standard deviations indicated by bars.
Figure 7
Effect of Dex on the IL-6-induced APRE-binding proteins. MCF7 cells were stimulated with vehicle ( ) (lane 1) or IL-6 (100 ng/ml) alone (lanes 2 and 4) or in combination with Dex (10 6 M) (lanes 3 and 5-7) for the indicated time, then nuclear extracts were prepared. For each reaction, 8 g nuclear extract were incubated with a 32 P-labeled APRE probe. The reactions were followed by electrophoresis in a 4·5% polyacrylamide gel. Where indicated, anti-STAT3 antibody ( STAT3, lane 6) or anti-GR antibody ( GR, lane 7) was added. Arrow 1 indicates the position of the IL-6-induced APRE-binding proteins. Arrow 2 indicates the position of the supershifted complex of the IL-6-induced APRE-binding proteins. been reported that the expression level of GR in HepG2 cells is very low (Hocke et al. 1992 ), so we chose MCF7 cells, which have functional GR (Slater et al. 1991) . As shown in Fig. 1A the synergistic effect was 2·4-fold in MCF7 cells.
The steroid receptor superfamily and STAT transcription factors are different sets of signaling molecules and activate gene transcription by binding to their respective responsive elements (Beato et al. 1995 , Nakajima et al. 1995 . Therefore these signal transduction pathways had seemed to be unrelated. But recently synergy between STAT5 and GR was reported in the activation of -casein gene transcription (Stocklin et al. 1996 , Lechner et al. 1997 . STAT5 and GR form a molecular complex, which is co-precipitated with STAT5 or GR antiserum (Stocklin et al. 1996) . They cooperate to activate transcription by binding to the STAT5-binding site. In our case it is also possible that STAT3 and GR form a complex. But we could not detect the complex formation in a coimmunoprecipitaion experiment using antibody against STAT3 or GR (data not shown). The facts that the synergy between IL-6 and Dex was restricted to the activation of the APRE site, and that other STAT3-binding sites ( JRE-IL-6 and IRF-GAS) were not synergistically activated, also supported the data that the complex formation between STAT3 and GR was not observed. EMSA analysis in this study showed that Dex treatment did not change the mobility of the IL-6-induced APRE-binding proteins. These results provide further support that a complex between STAT3 and GR is not formed.
JRE-IL-6 and IRF-GAS sites consist of two cooperative DNA motifs; one is a STAT-binding site ( JRE-IL-6: TTCCTGACA, IRF-GAS: TTCCCCGAA) and the other a cAMP responsive element (CRE)-like site ( JRE-IL-6: TGACGCGA, IRF-GAS: TGACGGCA) . The presence of binding proteins to the CRE-like site besides STAT3 has been reported . As the APRE site consists only of a STATbinding site (TTCTGGGAA) and does not contain a CRE-like site, the mechanism of IL-6-induced APRE activation seemed to be different from that in JRE-IL-6 and IRF-GAS. So it is possible that the difference in Dex effect on IL-6-induced IL-6 response element activation is due to the differences in the response elements among these genes.
We have shown the presence of an unknown coactivation process which was needed for leukemia inhibitory factor (LIF)-induced APRE activation. The coactivation mechanism was not required for tyrosine phosphorylation of STAT3 (Takeda et al. 1997a) . As LIF uses the same JAK-STAT (STAT3) signal transduction pathway as IL-6 , this coactivation process may be present in IL-6-induced APRE activation. In our study Dex treatment did not change the level of IL-6-induced STAT3 phosphorylation, therefore it is possible that Dex may enhance the activity of this coactivation process. Further examination of this mechanism will provide a new insight into the regulation of IL-6 response element activation by glucocorticoid.
